Summary
Introduction
Transmission of the gastrointestinal nematode Trichostrongylus tenuis (Eberth.) between Red Grouse Lagopus lagopus scoticus (Lath.) is via the ingestion of infective larvae (L3) which migrate to the growing shoots of heather Calluna vulgaris (L.) Hull plants, the preferred food of Red Grouse (Hudson 1986; Hudson, Newborn & Dobson 1992) . However, previous workers have experienced difficulties in recovering infective larvae from heather vegetation sampled in the field, making the prediction of T. tenuis outbreaks from larval counts difficult (Hudson 1986; Shaw, Moss & Pike 1989) . Laboratory studies refuted the hypotheses that low larval recovery was due to L3 burrowing inside heather leaflets and that larvae accumulate in dew droplets on heather which fall from the vegetation during sampling (Saunders, Tompkins & Hudson 1999) .
There are at least two other hypotheses that could explain why nematode larvae on the surface of heather plants are rarely detected upon vegetation sampling. First, since the faeces of Red Grouse are spatially aggregated on the food plant of Red Grouse (Hudson 1986 ), larvae may be concentrated in restricted areas around the faeces in which they develop. Random sampling of heather in the field may fail to detect these concentrations of larvae. Second, T. tenuis larvae may exhibit diurnal patterns of migratory behaviour up and down heather vegetation, as recorded in other trichostrongylid species (Crofton 1949; Rees 1950; Rogers 1940) , and so may be missed by sampling at the wrong time of day.
Field and laboratory trials were conducted to investigate these hypotheses. First, to determine the natural distribution of T. tenuis infective larvae in the field, heather vegetation was intensively sampled from a grouse moor naturally contaminated with the parasite. Second, a series of laboratory experiments were undertaken to investigate the movements of T. tenuis larvae under varying light and temperature regimes. These results were compared with the migratory movements of L3 larvae of Haemonchus contortus (Rud.) , a closely related parasitic nematode already known to exhibit diurnal migration (Rees 1950) . Migration of infective larvae was investigated on both heather and the structurally simpler monocotyledon wheat ( Triticum spp.), since the relatively complex dicotyledonous structure of heather may confound observations of diurnal migration by T. tenuis larvae.
Materials and methods

   T . T E N U I S    
Heather sampling
Heather vegetation was collected from two sites on Dallowgill grouse moor, North Yorkshire. Pioneer heather (young, non-flowering heather up to 1-year-old, establishing on recently burnt areas) and established heather (greater than 1-year-old, dense and branching with bright green shoots, older plants flowering) was present at both sites. A randomly thrown 0 · 5-m 2 quadrat was used to collect samples of heather (15 · 0 ± 9 · 1 g) from patches of pioneer and established heather at each site, with vegetation height, heather age-class ( pioneer or established), estimated heather age, sampling date and time, weather conditions, temperature and relative humidity on the moor all being recorded. We aimed to collect at least 50 samples from both pioneer and established heather at each site.
Recovery of T. tenuis larvae
Larvae were recovered from each sample using Baermann apparatus (MAFF 1978) . Each sample was placed in a muslin bag in a funnel containing warm water (36-41 ° C) at a temperature similar to that of the host's gut. Trichostrongylus. tenuis larvae were collected in the stem of the funnel and after 5 -22 h were drawn through the apparatus in 2 × 10 ml aliquots. Larvae were concentrated by centrifugation at 1500 r.p.m. for 2 min and the upper 9 ml of supernatant discarded. The sediment was resuspended in the remaining 1 ml of water and transferred to a Petri dish. Staining with a few drops of iodine solution allowed the differentiation between free-living nonparasitic nematodes and parasitic larvae: nonparasitic larvae were stained dark brown, whereas the ensheathed third-stage T. tenuis larvae remained unstained (Shaw et al . 1989 ). The number of larvae recovered from each sample was counted under a binocular microscope ( × 40).
   T . T E N U I S  H . C O N T O R T U S     
Cultivation of infective larvae
Third-stage infective Trichostrongylus tenuis larvae (L3) were cultured from Red Grouse caecal faeces collected from Gunnerside moor in North Yorkshire. Cultures were incubated at 22 ° C for 7 days to allow nematode eggs to hatch and larvae to develop (Wilson 1979) and were then mixed together to give a homogeneous suspension. Third-stage infective Haemonchus contortus larvae were obtained in suspension from the Moredun Research Institute, Edinburgh. Larval suspensions were refrigerated until required and the numbers of larvae per ml were estimated using the modified McMaster technique (MAFF 1978) .
Experimental protocol
A total of 146 plants of each species were trimmed and potted individually so that each had one vertical stem that extended 10 cm above the soil surface. Approximately 500 T. tenuis L3 were placed on the soil surface at the base of each of 70 plants and 500 H. contortus L3 placed at the base of 70 other plants. The remaining six heather and six wheat plants were left untreated as controls.
Plants were exposed to one of three sets of conditions: (i) diurnal cycles of both temperature and light, (ii) diurnal temperature cycles and (iii) diurnal light cycles. Of the 70 replicates for each plant/nematode species combination, 20 were maintained in a day/ night cycle of 12 h in the dark at 10 ° C and 12 h in the light at 20 ° C (changes occurred at 0600 and 1800 h). The temperatures of 10 ° C and 20 ° C are within the range for proficient migration of trichostrongylid larvae (Callinan & Westcott 1986) . To determine whether temperature changes alone are important cues for L3 diurnal migration, 25 replicates of each plant/nematode species combination were maintained in a day/night temperature cycle (20 ° C for 12 h, 10 ° C for 12 h) under constant light. To determine whether light changes alone are important for L3 diurnal migration, 25 replicates of each plant / nematode species combination were maintained in a day/night light cycle (12 h in the dark, 12 h in the light) at a constant 20 ° C. Two untreated control plants of each species were kept under each set of conditions.
Plants were kept under plastic covers and relative humidity (7 5-90%) maintained through an aerial spray of water administered twice daily. On days three and four of the experiment, two to three plants from each group were sampled at 0300, 0800, 1300, 1800 and 2300 h. All samples except 1800 were analysed together to separate the effects of light and
temperature on migratory behaviour. Sampling at 1800 h coincided with the switch from day to nighttime conditions and allowed us to examine how the larvae responded to the switch (with numbers of L3 similar to daytime samples), or predicted it (with numbers of L3 comparable to night-time samples). Larvae were collected from samples using the Baermann apparatus.
Statistical analyses
Unless stated otherwise, analyses were conducted using standard general linear models with Gaussian error structures in which significance levels were calculated, using chi-squared tests, from the deviance explained by each factor following stepwise deletion (Crawley 1993) . During the examination of field samples there were unavoidable time delays ( ≤ 24 h) between actual sampling of vegetation and the processing of samples. In addition, the length of time for which field samples were processed in the Baermann apparatus varied (5-22 h) and there was variation in the exposure time of stems to infective larvae in the laboratory experiments (57-101 h). Since these factors may have influenced numbers of larvae recovered, they were included as covariates in the analyses whenever relevant. A GLM with a negative binomial error structure explored the factors influencing the numbers of T. tenuis larvae recovered per 100 g of heather vegetation in the field study. The experimental data were investigated using separate analyses for each nematode species.
Results
 
Trichostrongylus tenuis L3 were present in 47% of the 302 heather samples collected in the field. The numbers recovered followed an aggregated pattern that was not significantly different from a negative binomial distribution with an arithmetic mean of 3·44 and a positive exponent ( k ) of 0·23 ( Fig. 1 ; chi-squared test; χ 2 = 18·73, df = 14, P = 0·175). Time of day was significantly associated with the number of L3 recovered; larval recovery was greater in the afternoon than in the morning ( Fig. 2 ; deviance = 8·84, df = 1, P = 0·003).
  T . TENUIS 
H . CONTORTUS  3    
No infective larvae of either parasite species were recovered from the untreated control heather or wheat plants in any of the experiments. For T. tenuis , greater numbers of larvae were recovered from heather stems than from wheat stems (Figs 3 and 4 ; F = 349·64, df = 1, P < 0·001), and there was a tendency for more larvae from samples collected in the light than from samples collected in the dark (Fig. 4 ; F = 3·86, df = 1, P = 0·052). The numbers of L3 recovered from vegetation was influenced by temperature ( Fig. 4 ; F = 7·48, df = 1, P = 0·007), with more L3 present on heather sampled at 10 ° C than at 20 ° C. The effect of light was of borderline significance since there was a significant interaction between light conditions and temperature. In the light more larvae were recovered at 10 ° C, whereas in the dark more larvae were recovered at 20 ° C (Fig. 4 ; F = 5·23, df = 1, P = 0·024). There was also a significant interaction between light conditions and vegetation type: heather yielded greatest numbers of T. tenuis L3 in the light, whereas wheat yielded greatest numbers in the dark (Fig. 4 ; F = 12·32, df = 1, P = 0·001). As with T. tenuis , H. contortus larval recovery was influenced by both vegetation (Figs 5 and 6 ; F = 115·65, df = 1, P < 0·001), and light conditions, with greater numbers recovered from samples collected in the light than from samples collected in the dark ( Fig. 6 ; F = 69·19, df = 1, P < 0·001). This confirms that the manipulations employed were sufficient to trigger diurnal migration patterns.
For both T. tenuis and H. contortus , there was no significant difference between larval recovery in daytime conditions and at the change from day to night (Fig. 3; F = 0·84 , df = 1, P = 0·361 and Fig. 5 ; F = 0·67, df = 1, P = 0·417, respectively).
Discussion
The sampling of heather vegetation rarely results in more than small numbers of T. tenuis L3 being recovered (Hudson 1986; Shaw et al . 1989) , making the prediction of T. tenuis outbreaks in Red Grouse from larval counts difficult. The evidence presented here suggests that this poor recovery is partly due to the parasite occurring in a highly aggregated distribution in the field. In addition, since T. tenuis larvae also exhibit diurnal patterns of vertical migration on heather vegetation, the time of day of sampling will influence recovery rate.
The spatially aggregated distribution of T. tenuis larvae on heather, with most samples having low numbers and few samples having high numbers of infective larvae, was revealed by our field study (Fig. 1) . This distribution is, probably, a consequence of T. tenuis larvae being concentrated in restricted foci around the caecal faeces of Red Grouse, with the faeces also being highly aggregated on grouse moors (Hudson 1986 ). The field survey also showed that L3 recovery was greater in the afternoon than in the morning (Fig. 2) . Previous workers (Crofton 1949; Rees 1950; Rogers 1940 ) have reported diurnal patterns in the availability of other trichostrongylid species on pasture, with greater numbers of larvae being recovered from vegetation during the daytime as opposed to the night-time. The afternoon increase in numbers of infective larvae in this study suggests that T. tenuis larvae show diurnal variation in availability, a hypothesis that was examined further in a series of laboratory experiments.
Trichostrongylus tenuis infective larvae exhibit positive phototactic behaviour in vitro (McGladdery 1984) . The research conducted here suggests that the infective larvae of both T. tenuis and H. contortus use this behaviour to respond to daily changes in light conditions, ascending vegetation in the light and descending in the dark, since greatest numbers of both nematode species were recovered during the light phases of experimental diurnal cycles. This is far more apparent for H. contortus than for T. tenuis (Figs 3 and 5 ), but the effect was significant for both (Figs 4 and 6) . Trichostrongylus tenuis L3 also appear to respond to changes in temperature for diurnal migration (Fig. 4) . If, however, T. tenuis larvae were using temperature cues to allow them to ascend heather in the daytime and thus increase their chances of ingestion by Red Grouse, we would expect greater numbers of larvae to be recovered at daytime temperatures. However, in the light phases of diurnal cycles greater numbers of L3 were recovered at 10 ° C than at 20 ° C (Fig. 4) , suggesting that perhaps T. tenuis infective larvae respond primarily to daily light patterns, with temperature providing a less important stimulus for diurnal migration. A more likely explanation is that in this experiment temperature had an indirect effect on larval availability: perhaps the lower temperature simply provided more suitable moisture conditions on the vegetation surface for larval migration.
The surface structure of heather and monocotyledons, such as wheat and grass, are likely to differ in their ability to retain the water film that is considered essential for trichostrongyle larval migration (Crofton 1954; Callinan 1979) . Indeed, the finding that consistently more T. tenuis and H. contortus infective larvae were recovered from heather than from wheat (Figs 3 and 5) suggests that the structure of heather is more suitable for diurnal migration. In addition, the observation that more T. tenuis L3 were recovered in the light from heather but in the dark from wheat (Fig. 4) may suggest that this species is better suited to migration on heather than on wheat.
To determine whether larvae are able to predict daily changes in conditions, having become entrained to the diurnal cycles, or whether they simply respond to them, the 1800 h sampling time was chosen to coincide with the change in conditions from day to night. Since larval recovery at the change was similar to daytime recovery, our work suggests that L3 respond to, rather than predict, daily changes in light conditions. It thus follows that there would be a delay between the initial response of infective larvae to dawn stimuli and larvae reaching the stem tips. Such a mechanism would account for the greater numbers of T. tenuis being recovered from heather sampled in the afternoon, as opposed to heather sampled in the morning, in the field study.
We have acquired evidence to suggest that T. tenuis infective larvae can be successfully recovered from heather vegetation in the field but their spatial distribution on heather is highly aggregated. This and the temporal variation in availability detected in both the field and the laboratory experiments could explain the low recovery rates of T. tenuis from heather sampled in the field. Predicting disease outbreaks in Red Grouse from larval counts would thus not be possible unless the spatial and temporal variation in the larval availability was taken into account.
Further studies should now develop a refined sampling programme to account for these variations and then test to see if rates of infection can be accounted for through larval availability. 
